Summary Two-year-old beech (Fagus sylvatica L.) saplings were planted directly in the ground at high density (100 per m 2 ), in an experimental design that realistically mimicked field conditions, and grown for two years in air containing CO 2 at either ambient or an elevated (ambient + 350 ppm) concentration. Plant dry mass and leaf area were increased by a two-year exposure to elevated CO 2 . The saplings produced physiologically distinct types of sun leaves associated with the first and second growth flushes. Leaves of the second flush had a higher leaf mass per unit area and less chlorophyll per unit area, per unit dry mass and per unit nitrogen than leaves of the first flush. Chlorophyll content expressed per unit nitrogen decreased over time in plants grown in elevated CO 2 , which suggests that, in elevated CO 2 , less nitrogen was invested in machinery of the photosynthetic light reactions. In early summer, the photosynthetic capacity measured at saturating irradiance and CO 2 was slightly but not significantly higher in saplings grown in elevated CO 2 than in saplings grown in ambient CO 2 . However, a decrease in photosynthetic capacity was observed after July in leaves of saplings grown in CO 2 -enriched air. The results demonstrate that photosynthetic acclimation to elevated CO 2 can occur in field-grown saplings in late summer, at the time of growth cessation.
Introduction
As evidence of rising atmospheric CO 2 has accumulated during the last twenty years, the role of temperate forests in the global carbon cycle has been emphasized (Tans et al. 1990 ). The major uncertainty is the extent to which forest ecosystems will serve as a sink for extra atmospheric carbon dioxide. The responses of tree growth to elevated CO 2 are now well documented (Eamus and Jarvis 1989, Gunderson and Wullschleger 1994) . However, there have been few studies concerned with the long-term effects of CO 2 enrichment on photosynthesis in broad-leaved tree species of European temperate forests (see review by Ceulemans and Mousseau 1994) .
Photosynthesis is one of the main physiological processes thought to respond to increasing atmospheric CO 2 in C 3 plants, and growth enhancement of trees is primarily mediated by an increase in carbon assimilation. Short-term exposure to elevated CO 2 concentration increases net CO 2 assimilation because the CO 2 concentration at the catalytic site limits the activity of ribulose bisphosphate carboxylase oxygenase (Stitt 1991) . The potential stimulation of net CO 2 assimilation due to atmospheric CO 2 enrichment is especially high for species like beech that have low stomatal and internal conductances to CO 2 , and therefore low CO 2 concentrations at the chloroplast (Epron et al. 1995) . However, this primary stimulation often diminishes with time of exposure to elevated CO 2 . The nature of this so-called acclimation or down-regulation of photosynthesis continues to be debated and may sometimes reflect artefacts induced by the experimental conditions (Ceulemans and Mousseau 1994, Gunderson and Wullschleger 1994) . Until recently, most studies on the responses of tree photosynthesis to elevated CO 2 have been done with seedlings grown for a few months under artificial climatic conditions with a restricted rooting volume. It is unclear, therefore, whether a decrease in photosynthetic capacity will occur under field conditions. However, in one field study, with yellow poplars and white oaks planted directly in the ground, no photosynthetic acclimation was observed (Gunderson et al. 1993) .
Beech (Fagus sylvatica L.) is a major deciduous forest tree species in western Europe. Previously, it has been shown that beech seedlings grown in pots exhibit a large increase in total biomass (60%) and a sharp increase in whole-plant carbon assimilation after one growing season in CO 2 at twice the ambient atmospheric concentration (El Kohen et al. 1993) . In the present study, beech saplings were planted directly in the ground at high density in an experimental design that realistically mimicked field conditions. Because the main characteristics of beech leaves are fixed during the early stages of leaf initiation (Eschrich et al. 1989 , Thiebaut et al. 1990 ), measurements were carried out during the second season of growth in elevated or ambient CO 2 . We examined the long-term effect of a doubling of atmospheric CO 2 concentration on seasonal Effects of elevated CO 2 concentration on leaf characteristics and photosynthetic capacity of beech ( Fagus sylvatica) during the growing season DANIEL EPRON, 1,2 RODOLPHE LIOZON 1 and MARIANNE MOUSSEAU 1 variation in photosynthesis of two physiologically distinct types of beech leaves. To separate possible stomatal effects from true photosynthetic acclimation, photosynthetic capacity was assessed by mean of oxygen evolution rates at saturating irradiance and CO 2 . The effects of elevated CO 2 on leaf nitrogen content, chlorophyll content and leaf mass per unit area, which are some of the major leaf characteristics linked to photosynthetic processes, were also investigated. The aim of this study was to test whether the photosynthetic capacity of field-grown saplings remains unaffected after a two-year exposure to elevated CO 2 .
Materials and methods

Plant material and experimental design
Beech seedlings were grown from seeds in a commercial forest nursery (Pépinière Bouchery et Fils, Crouy sur Cosson, France) for two years. The saplings were transplanted, while dormant, to trenches (1 m deep, 1 m wide and 2 m long) in a meadow of the Orsay University (48° N, 2° E). A cement wall was built around each trench, and the bottoms of the trenches were filled with a 15-cm layer of gravel. These physical barriers prevented roots from growing out of the trenches. The trenches were covered with small, naturally illuminated greenhouses (1.8 m high, 1 m wide and 2 m long) that were open sided and constantly ventilated with outside air at a flow rate of 5.7 m 3 min −1
. The greenhouses were made from transparent polypropylene film (28 µm thickness) glued to aluminum frames.
Saplings were planted at high density (100 per m 2 ) in a sandy soil (clay 11%, silt 23%, sand 64%, soil organic matter 1.4% and total nitrogen 0.09%) without the addition of fertilizer. High densities (up to 300 per m 2 ) are common in naturally regenerating forests and may be maintained for more than three years (Oswald 1981) . Plants were watered two or three times a week depending on weather conditions. Day and night temperatures inside the greenhouses ranged from 10 to 38 °C and 5 to 22 °C, respectively, during the growing season. High irradiances caused the air temperature inside the greenhouse to increase up to 4 °C above the outside air temperature, but temperature differences between the greenhouses were less than 0.5 °C. The photosynthetic photon flux density was attenuated by 15 to 20% by the polypropylene film, but the difference between the greenhouses never exceeded 10%.
Elevated CO 2 concentrations in the greenhouse were established by injecting pure industrial CO 2 at the blower inlet at a constant flow rate of 2 dm 3 min −1
. Therefore, the concentrations of atmospheric CO 2 in this study were ambient and ambient + 350 ppm (elevated). The CO 2 enrichment was initiated when the saplings were transplanted (March 1992), and was maintained day and night for 20 months with regular monitoring with an infrared gas analyzer.
Leaf photosynthesis
During the second growing season, net CO 2 assimilation and transpiration rates of sun-exposed, attached, and fully expanded leaves were measured with a portable gas exchange system (Model CI301, CID Inc., Vancouver, WA). Gas exchange was measured before noon under saturating solar irradiance (> 1600 µmol m −2 s −1
) at ambient atmospheric CO 2 concentration. Stomatal conductance was derived from transpiration data according to standard equations (Von Caemmerer and Farquhar 1981) .
Measurements of photosynthetic O 2 evolution rates were made at 30 °C in a leaf disc electrode chamber (LD2, Hansatech, Norfolk, England) filled with water-saturated air containing 5% CO 2 and 19% O 2 (it had previously been determined that 5% CO 2 was saturating for photosynthesis in well-watered beech leaves). Light was provided at the top of the chamber by a slide projector and a mirror. The photon flux density (PFD) at the leaf disc level was 1200 µmol m −2 s −1 . Preliminary light response curves indicated that photosynthesis was saturated at PFDs above 900 µmol m −2 s −1
. Measurements were carried out on leaf discs (9.8 cm 2 ) punched from sun-exposed, fully expanded leaves. Leaves were harvested at dawn and stored in darkness in a humidified petri dish until measurements were made (not more than 6 h after excision). It was determined that the potential rate of O 2 evolution did not change during the storage period. Leaf discs were illuminated for 30 to 40 min until a steady-state rate of O 2 evolution was observed, and then darkened for at least 5 min before dark respiration was measured.
Leaf characteristics
Following the measurement of maximal rates of photosynthetic O 2 evolution, chlorophyll content was determined. A small part of the leaf disc (1.13 cm 2 ) was extracted in 3 ml of dimethylsulfoxide at 65 °C for at least 90 min (Hiscox and Israelstam 1979) . The remaining part of the leaf disc was weighed after oven drying at 60 °C for 48 h and dry mass was used to calculated leaf mass per unit area (LMA). Finally, the dry leaf material was ground and sent to the service central d'Analyse of the Centre National de la Recherche Scientifique, (Vernaison, France) for the catharometric determination of nitrogen content.
Plant growth
Stem height (h) and diameter (d) were measured periodically on 15 plants during the second season of growth. The same group of plants was used during the whole season. The volume index (hd 2 ) was computed and a highly significant linear regression found between the index and aboveground plant dry mass (DM): DM = 0.23 hd 2 (r = 0.96, P < 0.001, data not shown). The linear regression did not differ between the treatments. The volume index and the shoot dry mass of all saplings were determined at the end of the growing season. Therefore, the volume index rather than the calculated dry mass is presented in Figure 1 (periodic measurements), because the regression was established at the final harvest. All leaves and roots were collected, and mean leaf area per plant and mean root dry mass per plant were calculated from the total harvest divided by the number of plants. Root collection was achieved by excavating a 2-m 3 soil volume from beneath each greenhouse.
Data analysis
There was only one greenhouse for each CO 2 treatment, with the consequence that statistical analysis allowed comparisons only between greenhouses. However, initial soil characteristics, the irrigation procedure, as well as air temperature and PFD at plant level, were virtually the same in the two greenhouses. Therefore, differences between the greenhouses in plant characteristics are most probably attributable to differences in the CO 2 concentration of the air.
Means of six (O 2 evolution rates, LMA, nitrogen and chlorophyll contents) or 16 replicates (gas exchange measurements) were calculated with their standard errors. All data were subjected to one-way (CO 2 treatment) or two-way (CO 2 treatment and flush) analysis of variance. Separate analyses were performed for each sampling date. Differences were considered statistically significant when P < 0.05.
Results
At the beginning of the second growing season, bud break occurred at the end of April and was neither advanced nor delayed by elevated CO 2 . The second flush of shoot growth began in the middle of June. At the end of the second growing season, leaves of the second flush represented 20% of mean plant leaf area in both the ambient and elevated CO 2 treatments. The mean leaf area per plant determined from litter collection at the end of the second growing season was increased by elevated CO 2 (53%, Table 1 ). This increase was due almost entirely to an increase in the number of leaves per plant. The increase with time in aboveground dry mass during the second year of the experiment was estimated from stem height and diameter measurements (volume index) of 15 plants per treatment (Figure 1 ). The growth of the aboveground parts of the plants was strongly reduced after July in both ambient and elevated CO 2 . The saplings grown in elevated CO 2 always had a higher volume index than saplings grown in ambient CO 2 , but the differences were not significant because of large between-plant differences and the small sample size. At the end of the second growing season, all plants were harvested for the determination of dry mass and, with this larger sample, shoot dry mass was significantly (P < 0.001) higher (90%) in the elevated CO 2 treatment than in the ambient CO 2 treatment (Table 1) . Leaf and root dry mass were 67 and 124% higher, respectively, in the elevated CO 2 treatment than in the ambient CO 2 treatment (Table 1) .
Periodic measurements throughout the second growing season indicated that leaf mass per unit area (LMA) was significantly (P < 0.05) higher in plants grown in elevated CO 2 than in plants grown in ambient CO 2 , except in May (Day 125, Figure 2) . Similarly, the leaves of the second flush had a significantly (P < 0.05) higher LMA than the leaves of the first flush in both ambient and elevated CO 2 , except in July (Day 198, Figure 2 ). Leaf nitrogen content per unit area did not differ significantly with CO 2 treatment, except in June (Day 168) and July (Day 198) when saplings grown in elevated CO 2 had more leaf nitrogen than saplings grown in ambient CO 2 (P < 0.01, Figure 2) . Leaves of the second flush of shoot growth had similar amounts of nitrogen to leaves of the first flush.
The chlorophyll content per unit area was slightly lower in saplings grown in elevated CO 2 than in saplings grown in ambient CO 2 . The leaves of the second flush had less chlorophyll per unit area than the leaves of the first flush (P < 0.001, Figure 3 ). When expressed on a per unit nitrogen basis, the amount of chlorophyll in plants grown in elevated CO 2 was less than that in plants grown in ambient CO 2 (P < 0.05), except in August, Day 218, (Figure 3) . The difference was less pronounced in leaves of the second flush than in leaves of the first flush. Leaves of the second flush also differed from leaves of the first flush in having less chlorophyll per unit nitrogen (P < 0.001, Figure 3) .
Increasing the CO 2 concentration of the air had no significant effect on the maximal rate of net photosynthetic O 2 evolution measured at saturating irradiance and CO 2 (Figure 4) . At the beginning of the growing season, the rates of oxygen evolution were slightly higher in saplings grown in elevated CO 2 than in saplings grown in ambient CO 2 (P = 0.072 in July, Day 198), but became slightly though not significantly lower after July in the leaves of both the first and second flushes (P = 0.092 in August and P = 0.051 in September, Days 218 and ) later in the season. Thus, the leaves of the second flush had lower rates of O 2 evolution than the leaves of the first flush in July (Day 198, P < 0.01), but the reverse was observed in September and October (P < 0.01, Days 257 and 293, respectively). The rate of O 2 consumption in darkness was similar in both kinds of leaves during the whole growing season (about 2 µmol m −2 s −1
, data not shown). Thus, both the net and the gross O 2 evolution rates showed a similar trend.
Leaf gas exchange of sunlit leaves was measured before noon with saturating irradiance at ambient atmospheric CO 2 concentration. Under these conditions, both net CO 2 assimilation rates and stomatal conductances were unaffected by CO 2 concentration during growth at the beginning of July (Table 2) . But in late August, second flush leaves of plants grown in elevated CO 2 had lower rates of net CO 2 assimilation than leaves of plants grown in ambient CO 2 (P < 0.05, Table 2 ). Measurements on sunlit leaves of the first flush were not made at this time of the year because of intermittent self-shading. The large difference in net CO 2 assimilation rates between leaves of the first and second flushes in early July (P < 0.001, Table 2), which was not a reflection of a difference in stomatal conductance, was in agreement with the lower photosynthetic capacity of young leaves of the second flush (Figure 4 ).
Discussion
Differences between leaves of the first and the second growth flush
Morphological differences between leaves of the first and second growth flush of beech have already been reported. Thicker leaves, mainly because of an increase in the thickness of both palisade (more cell layers) and spongy parenchyma, are characteristic of the second flush of beech (Roy et al. 1986 , Thiebaut et al. 1990 ). In the present study, the higher leaf mass per unit area in leaves of the second flush compared to those of the first flush suggests a greater leaf thickness.
Higher mass and lower chlorophyll content per unit area in leaves of the second flush compared to leaves of the first flush led to much lower chlorophyll concentrations expressed on a dry mass basis. This may reflect physiological differences between leaves of the first and second flushes. A lower LMA and a higher chlorophyll concentration are among the characteristics that often distinguish sun leaves from shade leaves (Boardman 1977) . The leaves of the first flush also had more chlorophyll per unit nitrogen than leaves of the second flush. The decrease in the ratio of nitrogen to chlorophyll, and hence in the allocation of nitrogen to light trapping (Seemann et al. 1987 , Evans 1989 , Ellsworth and Reich 1992 , is another indication that leaves of the second flush exhibit more distinct sun-leaf characteristic than leaves of the first flush, although leaves of both flushes were exposed to full sun light.
Sun leaves are known to have a higher photosynthetic capacity than shade leaves (Boardman 1977 , Seemann et al. 1987 . It has also been reported that leaves of the second flush have a higher rate of photosynthesis at saturating irradiance than leaves of the first flush (Roy et al. 1986) . A similar a difference Table 2 . Net CO 2 assimilation rate (A) and stomatal conductance (g w ) measured before noon with saturating irradiance at ambient atmospheric CO 2 concentration in sunlit leaves of beech saplings grown in ambient or elevated CO 2 . Values are means and standard errors for 16 replicates. Different letters indicate significant differences between CO 2 treatments or growth flushes at P ≤ 0.05. Separate analyses were performed for each sampling date.
July 8 (Day 189) Ambient CO 2 11.5 ± 0.74 a 6.1 ± 0.62 b 127 ± 7.2 a 112 ± 3.8 a Elevated CO 2 11.1 ± 0.64 a 6.8 ± 0.67 b 114 ±7.3 a 113 ± 6.1 a
August 20 (Day 232)
Ambient CO 2 7.9 ± 0.49 a 71± 5.3 a Elevated CO 2 6.6 ± 0.31 b 63 ± 3.2 a between growth flushes in maximal rate of photosynthetic O 2 evolution at saturating irradiance and CO 2 was observed in the present study during September and October. However, the opposite was observed in July, and no difference was observed in August. Thus it appears that differences between growth flushes in maximal photosynthetic rate reflect differences in leaf age not intrinsic physiology. Nevertheless, differences in leaf mass per unit area, chlorophyll concentration and amount of chlorophyll per unit nitrogen, the reported anatomical differences (Roy et al. 1986 , Thiebaut et al. 1990 , and the fact that the first flush is plagiotropic whereas the second flush is orthotropic (Thiebaut 1982) , suggest that leaves of the second flush are better adapted to high irradiances than leaves of the first flush.
Effects of elevated CO2 on leaf characteristics
In beech, morphological and anatomical differences between leaves of the first and the second flushes (Thiebaut et al. 1990) as well as differences between sun and shade leaves (Eschrich et al. 1989) appear to be related to differences in environmental conditions during leaf initiation rather than during leaf emergence. Because leaves harvested during the second growing season had been initiated and maintained throughout in either ambient or elevated atmospheric CO 2 , we assume that both the short-and long-term effects of CO 2 concentration on leaf characteristics were fully expressed.
An increase in leaf mass per unit area is a common response to CO 2 enrichment (Mousseau and Saugier 1992) . However, it is unclear whether this response is mainly attributable to accumulations of starch or other nonstructural carbohydrates (Delucia et al. 1985 , Wong 1990 , or to an increase in leaf thickness caused by an increase in the number of palisade cell layers (Thomas and Harvey 1983) . In any case, the increase in LMA led to a slight decrease in nitrogen concentration per unit dry mass, which was mostly attributable to a dilution effect, because nitrogen content per unit area either increased or remained unchanged in response to elevated CO 2 . In contrast, the decline in leaf chlorophyll per unit dry mass in response to CO 2 enrichment cannot be solely explained by a dilution effect because chlorophyll per unit area also decreased in response to CO 2 enrichment. Such a decrease in leaf chlorophyll has frequently been reported in young plants in response to elevated CO 2 (Delucia et al. 1985 , Houpis et al. 1988 , Wullschleger et al. 1992 ) and may have some physiological significance. The finding in this study that leaf chlorophyll per unit nitrogen was reduced by atmospheric CO 2 enrichment suggests that elevated CO 2 causes less nitrogen to be invested in the light reactions of photosynthesis. A decrease in nitrogen invested in Rubisco has frequently been reported in plants grown in elevated CO 2 (Sage et al. 1989 , Tissue et al. 1993 . It is unlikely, therefore, that the decrease in the proportion of nitrogen invested in light trapping was balanced by an increase in the proportion of nitrogen invested in Rubisco. We postulate, instead, that nitrogen is allocated to nonphotosynthetic functions of leaves, rather than to primary photosynthetic processes. In pea leaves exposed to high CO 2 concentrations, the relative abundance of the chloroplast phosphate translocator, starch phosphorylase and ADPglucose pyrophosphorylase increased with atmospheric CO 2 enrichment (Rivière and Betsche 1994) . This may reflect a higher requirement for proteins involved in carbohydrate metabolism and export arising from a higher rate of carbohydrate synthesis in plants grown in elevated CO 2 .
Effects of elevated CO2 on leaf photosynthesis
It has often been reported that trees exposed to elevated CO 2 for a period of weeks or months exhibit a decrease in photosynthesis, and this has been described as an acclimation process (for recent reviews see Ceulemans and Mousseau 1994 and Wullschleger 1994) . Gunderson and Wullschleger (1994) show that, in most of the tree species tested (80%), there is a decline in net photosynthesis measured at ambient CO 2 when plants are grown in elevated CO 2 . However, in some studies, photosynthetic capacity was unaffected by the growth concentration of CO 2 (Norby and O'Neill 1989 , Curtis and Terry 1992 , Epron et al. 1994 . In the present study, early summer photosynthetic capacity measured at saturating irradiance and CO 2 was slightly but not significantly higher in beech saplings grown in elevated CO 2 than in ambient CO 2 . The lack of photosynthetic acclimation during the first months of the second year was confirmed by measuring net CO 2 assimilation rates at ambient CO 2 concentration. As pointed out by Gunderson and Wullschleger (1994) , comparing CO 2 assimilation rates of plants grown at different CO 2 concentrations at the ambient CO 2 concentration is more convenient for assessing photosynthetic acclimation than measuring CO 2 assimilation rate at the respective growth CO 2 concentrations. The lack of acclimation observed in the present study indicates that photosynthetic capacity can be maintained for two years in elevated CO 2 , and is consistent with previous results on potted beech seedlings (El Kohen et al. 1993 ) and on branches of beech trees exposed to elevated CO 2 (Dufrêne et al. 1993) .
However, evidence of photosynthetic acclimation during the second part of the summer is suggested in Figure 3 . The decrease evident at the beginning of August in the maximal rate of photosynthetic O 2 evolution in second flush leaves of plants grown in elevated CO 2 was confirmed by measurements in ambient CO 2 .
The acclimation process has often been related to source--sink imbalance (Arp 1991 , Stitt 1991 . Restricted rooting volume is one of the main factors in photosynthetic acclimation (Thomas and Strain 1991) . However, such limitations were unlikely in this study because the experimental saplings were planted in the ground. It has been suggested that species able to initiate new sinks in response to an increase in carbohydrate availability will show no decrease in photosynthetic capacity. This was typically the case for Quercus alba (Norby and O'Neill 1989) and Quercus petraea (Epron et al. 1994) . Because beech saplings are capable of more than one growth flush in a season, they have the potential to utilize a CO 2 -induced surplus of carbohydrate in early summer. Because the increase in aboveground biomass slowed strongly at the end of July in beech, whether grown in ambient or elevated CO 2 , we postulate that the late-season acclimation of photosynthesis was related to growth cessation. 
